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Abstract: The stress-gradient hypothesis predicts a higher frequency of facilitative interactions as resource
limitation increases. Under severe resource limitation, it has been suggested that facilitation may revert to
competition, and identifying the presence as well as determining the magnitude of this shift is important
for predicting the effect of climate change on biodiversity and plant community dynamics. In this study,
we perform a meta-analysis to compare temporal differences of species diversity and productivity under
a nurse plant (Retama sphaerocarpa) with varying annual rainfall quantity to test the effect of water
limitation on facilitation. Furthermore, we assess spatial differences in the herbaceous community under
nurse plants in situ during a year with below-average rainfall. We found evidence that severe rainfall deficit
reduced species diversity and plant productivity under nurse plants relative to open areas. Our results
indicate that the switch from facilitation to competition in response to rainfall quantity is nonlinear.
The magnitude of this switch depended on the aspect around the nurse plant. Hotter south aspects
under nurse plants resulted in negative effects on beneficiary species, while the north aspect still showed
facilitation. Combined, these results emphasize the importance of spatial heterogeneity under nurse
plants for mediating species loss under reduced precipitation, as predicted by future climate change
scenarios. However, the decreased water availability expected under climate change will likely reduce
overall facilitation and limit the role of nurse plants as refugia, amplifying biodiversity loss.
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north	 aspect	 still	 showed	 facilitation.	Combined,	 these	 results	 emphasize	 the	 impor-
tance	of	spatial	heterogeneity	under	nurse	plants	for	mediating	species	loss	under	re-
duced	 precipitation,	 as	 predicted	 by	 future	 climate	 change	 scenarios.	 However,	 the	
decreased	water	availability	expected	under	climate	change	will	 likely	 reduce	overall	
facilitation	and	limit	the	role	of	nurse	plants	as	refugia,	amplifying	biodiversity	loss.




An	 enduring	 theory	 in	 ecology,	 the	 stress-	gradient	 hypothesis	
(Bertness	&	Callaway,	1994),	 provides	 a	 framework	 for	positing	 the	
outcome	of	 interactions	 among	organisms	along	a	 gradient	of	 envi-
ronmental	 conditions	 (Bakker,	Dobrescu,	Straile,	&	Holmgren,	2013;	
Fugère	 et	al.,	 2012;	 Pugnaire	 &	 Luque,	 2001).	 This	 theory	 predicts	
that	 competitive	 interactions	 are	more	 common	 in	more	productive	
environments,	but	as	environmental	stress	and	disturbance	increases	
(e.g.,	 reduced	 nutrient	 or	water	 availability,	 extremely	 low	 tempera-
tures,	 and	high	consumer	pressure),	 competition	gives	way	 to	 facili-
tation	 (Bertness	&	Callaway,	 1994;	Brooker	&	Callaghan,	 1998;	He,	
Bertness,	&	Altieri,	2013).	Refinements	to	this	theory	suggested	that	
at	the	furthest	extreme	of	resource	limitation	facilitation	will	decrease	
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(Michalet	 et	al.,	 2006)	 or	 even	 revert	 to	 competition	 (Michalet,	 Le	
Bagousse-	Pinguet,	Maalouf,	&	Lortie,	2014),	 in	particular	 if	 compet-
itive	 rather	 than	stress-	tolerant	species	and	consumers	are	 involved	
(Choler,	Michalet,	&	Callaway,	2001;	Maestre,	Callaway,	Valladares,	&	
Lortie,	 2009;	 Smit,	Rietkerk,	&	Wassen,	2009).	However,	 direct	 evi-
dence	regarding	changes	in	sign	and	intensity	of	plant–plant	interac-
tions	under	 changing	 resource	 conditions,	 including	 cases	of	 severe	









2009;	 Pugnaire,	 Armas,	 &	 Maestre,	 2011;	 Tielbörger	 &	 Kadmon,	
2000).	Furthermore,	facilitation	by	a	nurse	species	may	not	be	sym-
metric	 (López-	Pintor,	 Gómez	 Sal,	 &	 Rey	 Benayas,	 2006;	 Pugnaire,	
Luque,	Armas,	&	Gutiérrez,	 2006).	 For	 example,	 competitive	 effects	
may	increase	on	southern	aspects	of	the	nurse	plant,	while	facilitative	










interactions	 (Alexander,	 Diez,	 &	 Levine,	 2015;	 Liancourt	 et	al.,	
2013),	 but	 interactions	 among	plants	may	also	 alleviate	 extreme	
climatic	conditions	(López,	Squeo,	Armas,	Kelt,	&	Gutiérrez,	2016).	
Indeed,	 facilitation	 is	 often	 observed	 in	 systems	 that	 are	 expe-
riencing	 growth-	 or	 fitness-	limiting	 climatic	 conditions,	 such	 as	
hot	 and	 dry	 semiarid	 ecosystems	 or	 savannas	 (Butterfield	 et	al.,	
2016;	Dohn	 et	al.,	 2013;	 Pugnaire	 et	al.,	 2011).	Therefore,	 facil-
itative	 interactions	 may	 promote	 species	 diversity	 by	 maintain-
ing	species	in	conditions	outside	their	fundamental	niche	(Bruno,	
Stachowicz,	 &	 Bertness,	 2003).	 This	 greater	 species	 diversity	 is	
important	for	ecosystem	functions	such	as	productivity	and	eco-
system	 stability	 (Hector	 et	al.,	 1999;	 Isbell	 et	al.,	 2015;	 Tilman,	
Reich,	 &	 Knops,	 2006).	 This	 stabilizing	 effect	 may	 be	 especially	
important	 for	 semiarid	ecosystems	 that	 are	 already	experiencing	
important	 climatic	 changes,	which	 are	 pushing	 the	 environmen-
tal	conditions	to	novel	extremes	 (Giorgi	&	Lionello,	2008;	Lloret,	




events	 such	 as	 long	 heat	 waves	 and	 heavy	 precipitation	 events	
are	predicted	(Lloret	et	al.,	2004).	Combined,	these	climatic	shifts	





In	 this	 study,	we	 compare	 the	 relative	 effect	 of	 nurse	plants	 on	









average	 climatic	 conditions	 (Armas	 et	al.,	 2011;	 Pugnaire	 &	 Lázaro,	
2000;	 Pugnaire	 et	al.,	 1996).	Our	 hypothesis	was	 that	 severe	water	
limitation	 promoted	 negative	 plant–plant	 interactions	 but	 the	mag-
nitude	 of	 that	 effect	 depended	 on	variation	 in	microsite	 conditions	
under	the	nurse	species.





mer	 season	 between	 June	 and	 September.	 Mean	 annual	 rainfall	 is	
~250	mm	and	annual	mean	temperature	is	16°C	(Pugnaire	&	Lázaro,	
2000).	The	 soil	 at	 the	valley	bottom	 is	 a	 sandy	 loam	of	 alluvial	ori-
gin	with	poor	water-	holding	capacity	and	low	soil	organic	matter	and	
nutrient	concentrations	(Pugnaire	et	al.,	1996).	The	sparse	vegetation	





Environmental variable Mean (95% CI) 2008/2009 2009/2010 2011/2012 2014/2015
Cumulative	precipitation	(mm) 164	(123–206) 201 351 65 129
Maximum	daily	temperature	(°C) 18.1	(17.7–18.5) 16.3 19.5 18.0 18.0
Daily	radiation	(MJ	m−2) 12.4	(12.1–12.6) 12.1 11.7 13.3 12.7
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of	water	in	the	soil	(Prieto,	Kikvidze,	&	Pugnaire,	2010).	These	shrubs	
are	 distributed	 homogenously	 throughout	 the	 area	 and	 surrounded	






as	 higher	 soil	 organic	 matter	 and	 nutrient	 concentration	 (Pugnaire	
et	al.,	1996,	2004)	along	with	ameliorated	environmental	conditions	










































































contrast	with	 total	 rainfall	 as	 a	 factor	 to	 test	whether	 RII	 responded	

















assume	that	an	 increase	 in	community	diversity	and	productivity	 indi-
cates	a	facilitative	effect	on	the	species	that	comprise	that	community.	























species	 or	 only	 one	 species.	The	 plant	 community	 dissimilarity	was	
compared	among	plots	in	all	four	aspects	both	under	and	outside	each	





on	 the	 community	 composition	 indicates	 that	 unique	 species	 with	
respect	to	the	open	plots	are	present	due	to	facilitative	effects	 (i.e.,	
these	species	are	only	present	due	to	facilitation	by	Retama).








Relative	 interaction	 intensity	 (RII)	 for	 both	 species	 richness	 and	
	productivity	 shifted	 from	 positive	 (i.e.,	 facilitation)	 to	 negative	 (i.e.,	
competition)	 as	 total	 rainfall	 decreased.	 However,	 the	 significant	
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(estimated	abundance	in	open	plots	=	10	plants,	95%	CI:	7–13;	Table	
S3).	 In	 contrast,	 plots	 under	 Retama	 were	 significantly	 different	
among	aspects	with	plant	abundance	 in	 the	south	and	east	aspect	
being	statistically	 indistinguishable	 from	zero	and	 the	north	aspect	
having	 significantly	 higher	 plant	 abundance	 than	 all	 other	 aspects	
(estimated	abundance	in	the	north	aspect	under	Retama	=	21	plants,	
95%	 CI:	 16–26;	 Figure	3c).	 Furthermore,	 the	 north	 aspect	 under	
Retama	had	significantly	more	plants	than	plots	in	open	locations.
The	 composition	 of	 species	 was	 significantly	 different	 be-
tween	 plots	 under	 Retama	 and	 open	 plots	 (F1,41	=	3.5,	 p = .002; 
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4  | DISCUSSION
















limitation,	 we	 propose	 that	 spatial	 differences	 in	 the	microhabitats	
under	nurse	plants	provide	a	range	of	processes	from	facilitation	to	

















or	 (2)	 species	 adapted	 to	 live	 under	Retama	 have	 less	 tolerance	 to	
severe	 drought	 (Tielbörger	 &	 Kadmon,	 2000).	 However,	 additional	
biotic	and	abiotic	variables	 interact	with	rainfall	 to	alter	this	thresh-










4.2 | Spatial differences in diversity, productivity,  
and composition
Overall	plots	under	Retama	failed	to	facilitate	more	diverse	and	pro-






























beneficiary	 species	 in	 the	 east,	 south,	 and	west	 (Madrigal-	González	
et	al.,	2016).	The	lack	of	open-	location	species	under	Retama	implies	
an	additional	filter	(either	biotic	or	abiotic)	that	constrained	these	spe-





distinguish	 the	mechanisms	 that	 are	 inhibiting	 the	 species	 from	es-





Our	 results	 indicate	 that	 the	effect	 of	Retama	 nurse	plants	on	her-
baceous	 communities	 shifts	 from	 facilitative	 to	 competitive	 or	




beneficiary	 community	was	 spatially	 explicit	 shifting	 to	 competition	
in	 the	east	and	the	south	and	partially	 in	 the	west—where	diversity	
and	productivity	was	lower	under	Retama	relative	to	open	locations.	
However,	 the	 north	 aspect	 under	Retama	maintained	more	 species	
and	plants	and	supported	a	distinct	community	composition	relative	
to	open	 locations.	Because	nurse	plants	provide	 refugia	 for	distinct	
species	 in	 these	 semiarid	 ecosystems,	 a	 climate	 that	 is	 changing	 to	
hotter	 and	 drier	 conditions	 and	 promoting	 shifts	 from	 positive	 to	
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